Resistance in superconductors arises from the motion of vortices driven by flowing supercurrents or external electromagnetic fields and may be strongly affected by thermal or quantum fluctuations. The common expectation borne out in previous experiments is that as the temperature is lowered, vortex motion is suppressed, leading to a decreased resistance. A new generation of materials provides access to the previously inaccessible regime of clean-limit superconductivity in atomically thin superconducting layers. We show experimentally that for few-layer 2H-NbSe2 the resistance below the superconducting transition temperature may be non-monotonic, passing through a minimum and then increasing again as temperature is decreased further. The effects exists over a wide range of current and magnetic fields, but is most pronounced in monolayer devices at intermediate currents.
Resistance in superconductors arises from the motion of vortices driven by flowing supercurrents or external electromagnetic fields and may be strongly affected by thermal or quantum fluctuations. The common expectation borne out in previous experiments is that as the temperature is lowered, vortex motion is suppressed, leading to a decreased resistance. A new generation of materials provides access to the previously inaccessible regime of clean-limit superconductivity in atomically thin superconducting layers. We show experimentally that for few-layer 2H-NbSe2 the resistance below the superconducting transition temperature may be non-monotonic, passing through a minimum and then increasing again as temperature is decreased further. The effects exists over a wide range of current and magnetic fields, but is most pronounced in monolayer devices at intermediate currents.
Analytical and numerical calculations confirm that the findings can be understood in a two-fluid vortex model, in which a fraction of vortices flow in channels while the rest are pinned but thermally fluctuating in position. We show theoretically that the pinned, fluctuating vortices effectively control the mobility of the free vortices. The findings provide a new perspective on fundamental questions of vortex mobility and dissipation in superconductors.
The transport properties of superconductors penetrated by magnetic fields are determined by the dynamics of vortices, which are topological defects in the superconducting order parameter. Vortices may be introduced by magnetic fields B [1] or thermal fluctuations [2] and may be free to move or may be pinned to defect sites. If vortices are not present or are pinned, the material is superfluid and can carry a current without dissipation. Vortex motion leads to a non-vanishing DC resistance and has been extensively studied in the last half century [3] ; one aspect of current interest is that vortex motion creates dissipation and decoherence, fundamental to superconductor-based quantum information technology. The motion of vortices is believed to be overdamped on transport timescales and the key parameters describing the resistivity ρ are the density of mobile vortices n mobile and the vortex mobility µ, so that ρ = Φ 2 0 n mobile µ (see section 1 in supplementary materials; note that this formula assumes that, as is the case for most superconductors, the vortex hall angle is negligible). An extensive literature exists on mechanisms affecting vortex mobility in different limits [4] [5] [6] [7] [8] . The number of mobile vortices is affected by disorder, which pins vortices, interactions, which lead to collective pinning, and the applied current, which may if sufficiently strong detach some or all vortices from pinning sites [2, 3, 9] . Particularly in thin films, pinned and mobile vortices may coexist [10] [11] [12] [13] . In superconductors studied previously, the vortex mobility is not strongly temperature dependent, and the density of mobile vortices remains constant or decreases as tem- * Correspondence email address: avishaiben@gmail.com perature is decreased, leading to a resistance decreasing monotonically with temperature. In this work, we identify a new regime of vortex physics occurring in ultrathin, clean limit superconductors exhibiting a previously unreported regime of vortex motion characterized by a nonmonotonic temperature dependence of the resistivity with an increase in resistance as temperature goes to zero, T → 0, and a corresponding anomalous enhancement in dissipation.
We study ultra-thin samples of the layered superconductor 2H-NbSe 2 [14, 15] using devices made using the 'via method' for lithography free contacts and preservation [16] . The via method enables the creation of low contact resistance and robust devices despite the air sensitivity of 2H-NbSe 2 flakes. We present here data from three devices, shown schematically in figure 1a, whose superconducting regions contain one, three or four atomic planes of NbSe 2 respectively. All of our devices are in the clean limit, ξ < l mfp (ξ being the in-plane coherence length estimated from the T = 0 limit of the critical magnetic field H c2 and l mfp being the electron mean free path); see section 2 in supplementary information for additional details.
We induce vortices by applying a magnetic field B; the extreme two-dimensionality of our samples means that the areal density of field-induced vortices is n v = B/Φ 0 where Φ 0 = h 2e is the superconducting flux quantum. The vortex dissipative state is probed by applying a DC current, I DC . The current produces a Lorentz force of magnitude F Lorentz = JΦ 0 t (current density J = I DC /wt where w and t are the sample width and thickness) on each vortex, causing some vortices to move. We characterize the resulting dissipation by the measured resis- tance, R DC = V DC /I DC . In the resistance measurement, low temperature electronic filters with a cutoff frequency of 5kHz were used to prevent measurement artifacts from electromagnetic noise [17] . The measured devices are uniform and show the same behavior of R DC (T ; I DC , B) measured between different contacts along the current direction, see figure S1 , indicating that our results are intrinsic and not artifacts stemming from non-uniformity or hysteresis effects [18, 19] . Figure 1b shows the resistance in log-scale, plotted vs inverse temperature, for different measurement currents and at finite field for three devices with a one, three and four unit cell thick superconductors. For all samples the behavior is activated, log(R DC ) ∝ −E g /T , in the I DC → 0 regime measured by a small AC excitation, with the activation energy increasing linearly with the number of layers [13] . This behavior is expected: at very low currents the vortex lattice is collectively pinned and resistance arises from thermally activated defects in the pinned vortex lattice; the pinning energy scales with the thickness-integrated superfluid stiffness which increases rapidly with number of layers. For small but non-negligible applied currents, the resistivity remains monotonically decreasing, but saturates at a non-zero value R sat corresponding to a flux flow regime discussed elsewhere [13] . This behavior is clearly visible for the trilayer and quadrilayer devices at I DC ≈ 39µA. As the current is further increased, the resistance minimum develops. We see a sharp onset for thinner devices and smaller currents and a more continuous behavior for thicker devices and larger currents. We denote by T min the temperature at which the resistance takes its minimum value and by ∆R low the increase of resistance from the minimum, to the low temperature saturated value, R sat . The definitions are shown in the right panel of figure 1b. As the current increases ∆R low first increases up to a maximal value and then decreases to zero. For sufficiently large currents (but still below the critical current) the resistivity again becomes monotonic. The observed phenomenology with increased I DC is consistent across all magnetic fields, see figure S3 , and is observed to be as large as 30% of the normal state resistance, R N , for the measured devices (in the lower current regimes where a sharp increase of resistance is observed, a sharp transition is also observed at higher temperatures which we denote ∆R high , see figure S2 ).
To visualize the regime where the increase of resistance is found and how it changes with layer number we present in figure 2 a color map of the normalized change in resistance between our lowest temperature, T ∼ 250mK, and a fixed temperature around T min ∼ 550, 600 and 1000mK for the monolayer, trilayer and quadrilayer devices respectively. The expected behavior of the resistance is a decrease or saturation with decreased temperature shown by blue and white color in the figures, respectively. The nonmonotonic behavior is shown in red in the color maps and reflects that the resistance increases at low temperature. We observe that in a monolayer most of the vortex flow regime displays this unexpected behavior. As the layer number is increased the regime of increased resistance is shifted to lower magnetic fields and higher currents.
Our understanding of the measured behavior begins from the observation that our samples are in the clean limit, therefore characterized by dilute (on the scale of the coherence length) scattering sites. We assume that some fraction of the scattering sites are strong pinning centers, which trap individual vortices. For very weak drive currents, the logarithmic vortex-vortex interactions lead to collective pinning of the entire vortex lattice, so that the linear response resistivity is exponential in inverse temperature, corresponding to thermal activation of defects in the collectively pinned vortex lattice. As the drive current is increased, some of the vortices become detached from the pinned lattice and can move, leading to a flux-flow resistivity that remains non-zero even at lowest temperature. The crucial new insight is that the motion of the detached vortices is affected by scattering from the pinned vortices; in particular, as temperature increases, the pinned vortices fluctuate more and more strongly about their pinned positions, leading to scattering that increases as temperature increases and hence lead both to a strongly temperature-dependent vortex mobility and to a decrease in the number of mobile vortices as the temperature is increased.
To investigate this scenario in detail we have numerically solved the time-dependent-Ginzburg-Landau (TDGL) equations for a two dimensional strip geometry including a magnetic field, which sets the number of vortices, and strong pinning centers, which may trap some of the vortices; see section 3 in supplementary materials for details. The effect of thermal fluctuations is simulated by requiring that pinned vortices oscillate with an amplitude that increases with temperature, T ∼ Ω 2 A
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(Ω and A are the frequency and amplitude correspondingly). From our simulations we compute the resistance (voltage drop across the computational sample divided by imposed current) and generate movies of the time and space dependent magnitude of the order parameter ∆. In the movies vortex positions are clearly revealed as the local suppressions of ∆. The simulations capture the same qualitative dependence observed in the experiment where as the oscillations amplitude is increased the average velocity of the mobile vortices decreases and vortices may possibly even stop moving altogether, see figure 3a and supplementary movies M1 and M2. The TDGL computations are expensive. We found that the qualitative behavior of the vortices found in our TDGL simulations is well represented by a simplified model in which the vortices are idealized as point particles interacting by the logarithmic potential found in the TDGL equations, see section 4 in supplementary materials. We split the particles into two types, mobile and pinned, and analyze again what happens to the mobile particles if the pinned particles oscillate. We quantify the experimentally measured resistance by the average rate that free particles leave the sample divided by the drive force. We have used this computationally more tractable model to access a wider range of temperatures, current strengths and sample sizes. The key feature of both the TDGL and the particle simulations is that at intermediate current strengths the mobile vortices are confined to channels confined by regions of bound vortices, as also found in prior work [11, 12] . The simulations (e.g. the TDGL simulations shown in the lower panel of figure 3b and in supplementary movies M3 and M4) show that as temperature increases the mobility in each channel continuously de- Figure 2 . Increase of resistance shifts to lower magnetic fields and higher currents with increased thickness. (a), (b) and (c) show qualitatively the steady-state phase diagrams of ∆Rlow/Rsat, with Tmin ∼ 550, 600 and 1000mK for the monolayer, trilayer and quadrilayer, as a function of DC current and magnetic field for a monolayer, trilayer and quadrilayer devices. We expect the diagram to be negative (blue) or zero (white) due to the monotonic behavior of the activated and flux flow regimes. The non-trivial regime of increased resistance at low temperature is shown in red. It is observed that as a function of layer number the non-trivial regime shrinks to smaller magnetic fields and higher currents. Dashed gray lines denote, at finite B, the transitions from activated to vortex flow and to the normal state with increased DC current.
creases until the channel abruptly stops conducting vortices. In figure 3b at the colder temperature two paths are observed, while the warmer panel shows a single path as the second was shut off due to the thermal motion of the pinned particles. Figure 4a shows simulations for fixed numbers of free and bound particles at two different drive currents. The simulation shows the same behavior as the experiment (overlaid in grey). In particular, at weaker drive current there is only one channel and a discontinuous transition is observed as the channel is closed by increasing fluctuations as temperature is increased, whereas at stronger drive currents additional channels are added, which may interconnect, leading to a more complicated network structure that gives a smoother resistive transition as observed in the experiment and theory.
An alternative explanation for a resistance which increases as temperature is decreased was provided by Clem and Chow [6, 7] . The Clem-Chow model assumes the dirty superconductor limit at which temperature gradients can be defined on the scale of a vortex core and may not hold for our devices which are in the clean limit. A key difference between the Clem-Chow model and our results is the magnetic field dependence of the temperature of the resistance minimum The data exhibit a strong dependence on the number of superconducting layers in the device: as the number of layers is increased, the non-monotonic region is confined to lower vortex densities and stronger Lorentz force. We understand this as a consequence of two related effects. First, the c-axis coherence length is longer than four unit cells, so a vortex is an essentially vertical column and can be pinned by a pinning site in any layer. Thus the effective density of pinning sites is increased, meaning that a stronger current is required to displace a vortex. Further, the vortex-vortex interaction also increases linearly with the layer number [13] ; this increases the collective pinning and inhibits formation of channels at higher vortex densities. These data suggest that the key physics required to observe the non-monotonic temperature dependence of dissipation includes two dimensionality, low superfluid stiffness (hence weak intervortex interactions), and clean limit (so dilute strong-pinning centers).
Understanding vortex dissipation mechanisms is a crucial step to manifesting and controlling emergent phenomena in superconductors and their interfaces with other materials. A vortex is a mesoscopic system with a natural normal-superconductor interface. Such interfaces can lead to novel electronic phenomena such as Majorana fermions [20] when the superconductor is topological [21] [22] [23] . In the clean limit, proximity of the superconductor to the normal cores may also lead to new emergent phenomena in vortices [24] [25] [26] [27] . Dissipative vortex motion will hinder exploration of such states and their usage for quantum information applications. Traditionally, improving materials quality by removing disorder is the route to improving quantum coherence properties. Our work shows that in crystalline 2D superconductors, the relative weakness of disorder plays the opposite role by enabling free motion of vortices and thus enhancing dissipation. In future applications of clean 2D superconductors [28] , it is therefore important to engineer disorder that is effective at eliminating vortex dissipation, while at the same time not introducing other degrees of freedom that can couple to the superconductor and cause decoherence. This remains an open problem. 
Parameters of measured devices
In the table below we summarize parameters of the measured devices: the layer number, the 2D mean free path
(n 1 and R 1 are the electron density and resistance per layer), and the coherence length estimated from the T → 0 limit of 3 Time-Dependent-Ginzburg-Landau simulations
To model the dynamics of driven vortices we employ a deterministic set of TDGL equations to describe the 2D superconductor in the presence of a perpendicular magnetic field and a sourced current [?, ?] . We compute the complex superconducting order parameter ∆ = |∆| e iφ , the charge density ρ as well as the current density j in dependence of time and space in the 2D
sample. The electromagnetic fields are represented by the vector potential A(t) as well as the scalar potential Θ(t). We set units by choosingh = c = e = 1 such that the superconducting flux quantum Φ 0 ≡ hc/2e = π.
The equations (34-36) are thus
Here D is the normal state diffusion constant, Ψ is the electrochemical potential per electron 
and the Poisson equation for the scalar potential
Using a finite elements approach we solve the coupled partial differential equations Eqs. (1)- (5) with periodic boundary conditions in the y-direction while being open in the x-direction (choosing vanishing first derivatives at that boundary as a boundary condition). We thus concentrate on a torus geometry. We discretized time in steps of D∆t = 0.0001, which we verified to be numerically converged. For finite sourced current we choose the boundary conditions of the current density such that the one end of the open boundary acts as a particle source while the other acts as a drain j x (x = 0, y, t) = j x (x = L x , y, t) = j 0 with L x the size of the system in x-direction (L y denotes the size of the system in y-direction). The initial conditions for all other variables but the order parameter ∆ are chosen to be zero at t = 0 and drawn from a random uniform distribution in the interval [0, 0.001] for ∆(x, y, t = 0). Assuming Coulomb gauge we determine A from ∇ × A = B for given external magnetic field B.
To model disorder pinning vorties we choose to allow for a position dependent r(x, y) = r 0 − δr(x, y), where r 0 = 1 sets the superfluid stiffness without disorder and δr(x, y) describes the disorder effects. We use
where N describes the total number of defects, (x i , y i ) denotes the position of the i-th defect and δ i is the i-th defect's strength. We choose N = 10, δ i = 5 and draw x i and y i from a
These randomly distributed defects will tend to pin some of the vortices in place. The TDGL equations are a mean-field theory so pinned vortices are simply frozen at the defect position. Therefore, to model the thermally induced motion of the vorteces around the defect position we move the defect position in a random direction by replacing x i → x i (t) = x i + An and we study its effects by scanning A. We find that thermally activating the pinned vortices can hinder the vortex flow which is shown in figure 3 and in the corresponding movies M1 and M2.
Modelling vortices as point like particles in a box
As a simplification we treat the vorteces as point-like particle in a box with periodic boundary conditions which we found to reproduce the main features of vortex motion as described by 
where F J is the forced exerted on the vortices due to the sourced current and the second term on the right hand side describes the Force exerted by the vortex j (be it pinned or mobile) onto the vortex i, which is long-ranged F (R mobile,i , R j ) = C 
